A crystal diffraction lens for focusing energetic gamma rays has been developed at Argonne National Laboratory for use in medical imaging of radioactivity in the human body. A common method for locating possible cancerous growths in the body is to inject radioactivity into the blood stream of the patient and then look for any concentration of radioactivity that could be associated with the fast growing cancer cells. Often there are borderline indications of possible cancers that could be due to statistical functions in the measured counting rates. In order to determine if these indications are false or real, one must resort to surgical means and take tissue samples in the suspect area. We are developing a system of crystal diffraction lenses that will be incorporated into a 3-D imaging system with better sensitivity (factors of 10 to 20) and better spatial resolution (a few mm in both vertical and horizontal directions) than most systems presently in use. The use of this new imaging system will allow one to eliminate 90 percent of the false indications and both locate and determine the size of the cancer with mm precision. The lens consists of 900 single crystals of copper, 4 mm x 4 mm on a side and 2-4 mm thick, mounted in 13 concentric rings.
INTRODUCTION
A very successful method of locating cancerous tissue in the human body is to inject a biological compound that is readily incorporated in growing cancer cells and that can carry a radioactive nucleus with it, which is also incorporated in the cancer cells. One then performs a partial or full body scan of the patient looking for concentrations of radioactivity above what is incorporated into normal cells. Typically 
1-4
this is done with large Nal detectors, behind a very fine multihole collimator. Some of these systems rotate to obtain a better 3-D image of the an'5'6 Even with the best of these imaging systems, tumors less than 1 cm in diameter are hard to and false tumor indications do occur. Often the only way to be sure is to take a biological sample. The new imaging system8 described in this paper is designed to be used after the full body scan to check the validity of these questionable indications of a cancer. No new radioactivity needs to be added to the blood stream since the new system should be able to see the radioactivity already in the body. We estimate that the new imaging system will be 10 to 20 times more sensitive than the full body scans and will be able to eliminate 80 to 90 percent of the false indications.78
It should also be able to determine the size and location of the tumor with mm resolution. This will improve the accuracy of any biological sampling and I or surgical removal of the tumor. It may even be possible to combine the imaging system with the sampling system, using the imaging system to accurately position the sampling probe.
NEW IMAGING SYSTEM
The new imaging system was developed at Argonne National Laboratory. Figure 1 is an artist's view of the proposed new imaging system, employing six of the new crystal diffraction lens systems for sensing radioactivity in the human body. By using more than one lens system that look at a common point from different angles, one can obtain a 3-D image by scanning the source. The large collection area of the lens and the small size of the detector result in a very high signal-to-noise ratio for the system. The detection efficiency of the system remains high for very small sources of 1 mm and less. The desired goal of this work is to be able to see tumors as small as 2-3 mm in diameter.
Focused Gamma-Ray Beams 
1 The Individual Lens System
A schematic of the individual lens system is shown in Figure 2 . The system consists of a Laue type crystal diffraction lens mounted about half way between the potential radioactive source and the detector, with appropriate collimator disks located between the source and the lens and between the lens and the detector. These collimator disks are lead plates with a central hole of the appropriate size to let the diffracted beam reach the detector but to prevent any other radiation from the source area from reaching the detector. This lens system can be adjusted to focus a large range of energies by adjusting the distance from the source to the lens and making a similar adjustment in the distance from the lens to the detector. For the Laue-type crystal diffraction lens, in which the gamma rays are diffracted as they pass through the crystals, the focal length of the lens is proportional to the energy of the diffracted gamma ray. In the system described in this paper, the lens is located at twice the focal length distance from both the source and the detector, a geometry that reduces the source-to-detector distance to a minimum. The crystal lens behaves much like a simple convex lens for visible light. The simple relations:
Focal Length = Constant x Gamma Ray Energy
where S is the distance from the source to the lens, D is the distance from the lens to the detector, and F.L.
is the focal length of the lens. These relations hold as long as the sine of the Bragg angle equals the tangent of the Bragg angle. For the energy range that this lens is designed to focus, 100 to 150 keV, the Bragg angles are only a few degrees, so this approximation is quite good. The gamma ray of 140.5 keV that one will use in the human tests focuses at a distance of 100 cm, while the 122.0 keV line from 57Co that is used in the lab tests focuses at 87 cm.
The Laue Crystal Diffraction Lens
The Laue crystal diffraction lens consists of 13 concentric rings of copper crystals, 4 mm x 4 mm and 2-4 mm thick. Each ring uses a particular set of diffraction planes. The radius of the ring is adjusted so that the diffracted beam is focused on a common focal spot. This focus requires that the incident angle of the gamma rays on the crystalline planes be equal to the Bragg angle, where the Bragg angle, q, is equal to nl I 2d, where 1 is the wavelength of the gamma ray and d is the spacing between the crystalline planes used in that ring of crystals. Figure 3 is a schematic view of the lens from an on-axis position above the lens. The outer diameter of the area covered by the crystals is 14.4 cm. The inner diameter is 3.2 cm. The approximate area of the crystals is 155 cm2. The theoretical diffraction efficiency of the lens (diffracted gamma rays divided by the incident gamma rays) is calculated to be between 3 and 5 percent, for the 140.5 keV line, depending on how well the crystals are aligned and how well the mosaic width of the crystals is controlled. Using the 5 percent value, the efficiency of a single-lens system for a small source at 100 cm from the lens is 6.2 x i0. For a six-lens system the combined efficiency would be 3.7 x i0. A one micro-Curie source gives off 3.7 x i0 gammas per sec. With this source, the count rate in the lens system would be 14 counts per sec. With the combined background count rate of 0.06 counts per sec for the 6 detectors, the signal-to-background ratio would be to 230 to 1 .. Thus one would detect the source in a few seconds, and one could expect to detect sources of 1110 of a micro-Curie and less in a few tens of seconds. This calculation assumes the use of small Nal detectors in the lens system. It also assumes no absorption of the gamma rays in the body. This absorption will be similar to the absorption as of the gamma rays in 4 to 8 cm of water where the transmission is 0.56 and 0.30, respectively. This background calculation does not include the count rate from the signal in the lens from the residual radioactivity in the part of the body being focused. In many cases this will be the dominate count rate in the lens until one focuses on a tumor. This component could be as much as one count per sec. FIGURE 5. View of the quartz plate lens frame with crystal rings 2, 4 and 6 mounted on it as seen from an on-axis position above the lens.
Construction of the Crystal Diffraction Lens
The rings of crystal in the Lens are supported by a thin, 1.5-mm-thick, low-Z material. In Figure 3 , the 13 rings cover the whole area of the lens, with no space between crystals or crystal rings. This approach would be very hard to assemble in practice. To avoid this crowding problem and make the assembly easier, every other ring is mounted on a second plate. Thus, rings 1, 3, 5, 7, 9, 1 1, and 13 are mounted Ofl one plate, while rings 2, 4, 6, 8, 10, and 12 are mounted on the second plate. A cross section of the lens showing the alternate crystal rings on the two plates is shown as the lower image in Figure 3 . The original design of the crystal diffraction lens had only 8 rings of crystals, and each ring used a different set of crystalline planes. In the new design for the crystal lens, there are 13 rings that use a total of 9 crystalline planes. This means that four of the crystalline planes are used twice. In these cases, one of rings is moved in closer to the center of the lens and one of the rings with the same set of crystalline planes is moved out from the center of the lens. In order that the same Bragg angle be maintained for the crystals in both rings, the surface of the crystals are cut at different angles for the two rings. This just compensates for the change in radius. This change increases the diameter of the focal spot, which increases the background count rate by a small amount , but is well worth this increase because it increases the efficiency of the lens by 63 percent. The spatial resolution of the lens remains the same.
As mentioned above, the lens is constructed by mounting rings of crystals on a flat plate (see Figure 3 ). Each crystal in each ring has to be orientated so that the gamma rays from the source are incident on the crystalline planes with the proper Bragg angle so that it can be diffracted into the focal spot at the detector. This Bragg angle is adjusted by either adjusting the radial distance of the crystal from the center of the lens 01 by changing the angle of the surface that is attached to the flat plate, relative to the crystalline planes. When the source is 100 cm from the lens, a change in the radial position of the crystal by 0. 10 mm (0.0040 inches) will change the Bragg angle by 20 arc sec. When the same set of crystalline planes is used for two adjacent rings, one ring is displaced radially outward by 2 mm and the other ring is displaced radially inward by 2 mm from the nominal radius for that set of crystalline planes. To compensate for this change in radius, the angle of the crystalline planes relative to the mounting surface will be increased by 400 arc sec for one of the rings and decreased by 400 arc sec for the other ring. Thus the gamma rays will be focused slightly closer to the lens for one of the rings and slightly farther away for the other ring. If the detector is placed half way between these two focus points, the focal spot will be a small ring rather than a small disk. The mean diameter of the ring will be 8 mm. Both the finite size of the source and the crystal elements will increase this diameter. The width of the mosaic structure of the crystals will also increase this diameter as will imperfections in the alignment of the crystals. If only one ring uses a particular set of crystalline planes and alignment of the crystals is near perfect, then 90 percent of the radiation will be contained in a focal spot with a dia. between 4 mm and 8 mm, depending whether the mosaic structure width is small or large, respectively. The present lens system, using 7 rings, needs an aperture in front of the Nal detector that is at least 14 mm in diameter to detect 90 percent of the diffracted radiation and 1 8 mm to detect 95 percent of the diffracted radiation.
Both the flatness of the mounting plate and the accuracy of cutting the crystals affects the alignment of the crystals and thus the incident Bragg angle. The design requirement set for the lens for the sum of these errors was +I 50 arc sec. This magnitude of error would require a change in the radial position of the individual crystals of ÷1-0.25 mm. This would result in a maximum overlap of adjacent rings of 0.5 mm. Thus, some of the diffracted beam of gamma rays would be both diffracted and absorbed by two crystals rather that one crystal If the crystal thickness was optimized, this overlap would decrease the intensity of the diffracted beam. We expected to experience difficulties in cutting the crystals and adjusting the angle of the mounting surface, but we did not expect the difficulty we encountered in producing a mounting plate that was flat to +1-20 arc sec. One could grind and polish a plate to a few wavelengths of light, but when the plate was removed from its polishing base, it would warp, sometimes as much as +1-200 arc sec. A number of different low-Z materials were tried: aluminum, fused quartz, SiC, fiber glass, and Lucite. After many tries, one plate of aluminum and one plate of fused quartz were obtained that met these minimum specifications.
FIGURE 6. The Laue crystal lens test facility. The source is at the bottom of the picture, the lens in the middle and the detector at the top.
The original design for the crystal diffraction lens used eight concentric rings of crystals, in which each ring used a different set of crystalline planes. At the end of the first year, the design was changed and the development of the 13-ring model was started. The actual construction of the present lens was started in June of 1999. As of the preparation of this paper, the first seven rings were completed. Rings 1, 3, 5, and 7 were mounted on the aluminum plate, and rings 2, 4, and 6 were mounted on the fused quartz plate. Figure 4 shows the four rings mounted on the aluminum plate from slightly above the plane of the lens, and Figure 5 shows the three rings mounted on the quartz plate as seen from directly above the lens. A disk of lead is placed in the center of the lens to block any direct radiation from reaching the detector.
TEST RESULTS
The lens was constructed and tested using the test stand shown in Figure 6 . A 57Co source is mounted at the bottom of the test stand. This source can be moved in the two horizontal directions, x, y, and in the reflcJ direction, z, through a computer-controlled system. The lens is located in the middle of the test stand, just above the radiation sign. The Nal detector is mounted at the top of the stand. There are two collimator disks below the lens and three collimator disks above the lens. The openings in these disks are designed to allow all of the diffracted gamma rays to reach the detector but not any direct radiation from the source as the source is moved off axis. There is also a shutter just above the first collimator disk to close off the gamma ray beam, which is used for background checks. The Nal detector is 2.5 cm in diameter and 2.5 cm thick. A 2.5-cm-diameter aperture is placed directly in front of the detector.
A 3-D map of the response function of the lens with seven rings, as a function of the off-axis distance of the source, in mm, is shown in Figure 7 . The source is a 4.3-mm-diameter disk of 57Co suspended in resin. The peak intensity is 65600 counts in 20 sec (3780 counts 1 sec), and the background is 22 counts in 20 sec ( 1 .1 counts I sec'). Most of this background is due to scattering in the lens. When one reduces the intensity of the source to what one expects in the human body, then this component of the background becomes less than 0.055 counts per sec. The background in a well shielded detector is reduced to 0.21 counts per sec. Under these conditions, the background scales with its volume. If one uses a more appropriate size NaT detector with a diameter of 18 mm and a thickness of 14 mm, one can reduce the size of the detector by (2.80/12.9) = 0.217 or a factor of 4.6, thus the background by a factor of 4.6. When this is combined with the numbers given above, the background becomes 0.055 cts/s from scattering and 0.046 cts/s for background in a well shielded detector for a sum of 0. 101 cts/s for a system of 6 crystal lenses. This reduction in detector size still maintains 95 percent of the signal.
The low intensity at the edges of the plot is part of the diffraction process. The background is much less than this count rate in the wings. This peak structure of the response function can be fit with a Lorentzian shape. This response shape is normal for a Laue lens with circular symmetry and small source size. The FWHM of the peak is 8.3 mm. The points are taken in 1 mm steps in both the x and the y directions. The best FWHM that one could expect to obtain with perfect alignment of the 4 mm x 4 mm crystals and the 4.3-mm-diameter source is 6 mm. The efficiency of the lens changes much more slowly as one moves the source along the axis of the lens. Figure 8 shows a 3-D plot of the calculated diffraction efficiency of the c)nginal 8-ring lens design with 4 x 4 mm crystals and a 4-mm-diameter source, as a function of the z distance along the central axis and the x distance off axis. The FWHM in the x direction is 6 mm, while the FWHM in the z direction is about 50mm.
The calculated peak efficiency of 2.9 percent for the original 8-ring lens design matches the measured efficiency of 3.0 percent for the 7-ring lens. The peak efficiency is defined as the number of photons that are focused on the detector, divided by the number of photons incident on the lens. This definition includes the effect of the absorption of the gamma rays in the Cu crystals. This absorption is of the order of 50 percent. The double peak shape in the x direction, when the source is displaced along the z direction, imaging system as a function of the displacement of the source in the x-direction of the lens and in the z-direction parallel to the axis of the lens. This plot illustrates the narrow shape of the focal volume in the x-direction and extended shape in the z-direction. 4. CONCLUSIONS AND FUTURE PLANS.
As of the preparation of this paper, the medical imaging lens consisted of seven concentric rings of crystals 'with a diffraction efficiency of 3 percent. The first seven rings use the following crystalline planes: [ rings were completed when this paper was written, there is sufficient data to estimate the performance of the full lens. The first 7 rings of the lens perform better than the estimates made for the original 8-ring lens design. Two special features of the lens are that its efficiency does not fall off as the source becomes very small, as it does in many of the present imaging systems, and second, its ability to locate and define the size of the tumor with mm resolution. Also of importance is the simplicity of the data analysis. There are no coincidence requirements between detectors. The signal is the sum of the individual count rates in the individual detectors. When the system is used in a scanning mode to determine the size and position of the tumor, the change in the counting rate in each detector will also be recorded. This will indicate in which direction the count rate is increasing or decreasing.
'The overall efficiency of a single lens system is the product of the diffraction efficiency times the solid angle of the lens divided by 4 it. For a single lens system with all 13 concentric rings of crystals and diffraction efficiency of 3 percent, the overall efficiency is approximately 0.03 x{ 155cm2 I (1002 x 4 ir)} = 0.03 x 1.23 x iO = 3.7 x iO . The full 6-lens imaging system is calculated to have a overall efficiency of 2.2 x 1O . This is comparable to the efficiencies of present day scanners, 3 x 1O for large sources.7 The full body scanners have lower overall efficiencies of the order of 3 x iO for small sources.7 The crystal lens system, however, has a lower background2'3'7 and maintains the same over-all efficiency of 3 x 1O for small sources (10 mm -1 mm), thus, it has a much higher sensitivity for small sources. The lower background comes partly from the fact that the phototubes in the full body scanner look at 25 times the volume Na! that is viewed by the phototube in the lens system and partly because the full body scanner has additional background associated with scattering of the gamma rays in the body. The lens system in insensitive to this component because it does not focus this component on the detector. As mentioned in section 2.2, the count rate to which the signal from the tumor will be compared is that from the residual radioactivity retained by normal tissue. This component could be as high as 1 count per sec., in which case it would be the background aginst which one would compare the signal from the cancer. . As the source size is increased above 20 mm, the increase in counting rate in the lens system increases proportionally to the radius of the source, as compared to the rate increase in a detector that looks directly at the source, where the increase in counting rate increases as the square of the radius of the source. With a tumor this large, both the lens system and the collimator system will see the tumor easily. The lens system is still useful for these larger tumors in that it can resolve the 3-D shape of the tumor with mm resolution.
Just how much radioactivity is taken up by the tumor varies from case to case. Organs with a high blood content, like the heart muscle, retain about 2.2 micro-Curies per cc of muscle.7 The typical cancer retains about 6 times this amount, about 13 micro-Curies per cc.7 Using these numbers, the full 6-lens imaging System is expected to have a count rate of about 100 counts per sec with a background of 0. 10 counts per sec for a IL cc volume tumor. Thus a tumor of only 0. 1 cc would still give an easily detectable signal of 10 counts per sec. Typically, the absorption of the gamma rays in the body will reduce these numbers by a factor of 2. A volume of I cc corresponds to a 12.4-mm-dia. sphere. A 0.1 cc volume corresponds to a sphere 2.9 mm in radius. The present full body scanners have difficulty seeing tumors that have a volume of less than I cc,7 while this lens system should be able to see a 0.1 cc tumor. The crystal lens system is not meant to replace the full body scanner. The full body scanner looks at a large area (700 to 1000 cm2) at one time, while the lens system looks at only 1 cm3 with high sensitivity. Thus, it would take a long time to scan the full body. A scan of a women's breast would be possible, for example. In most cases one would use the lens system to supplement rather than replace the full body scanner, by confirming the existence of a tumor detected by the full body scanner and measuring its size and position with mm accuracy.
